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Abstract 
Cholesterol detection is of great significance in biomedical applications because it is a crucial biomarker for some diseases. It is the 
precursor of different biological compounds such as vitamin D, hormones, and bile acid, etc. The cholesterol level in blood correlated 
to various diseases such as hypolipoproteinaemia, septicaemia, malnutrition hypertension, anaemia, brain thrombosis and 
arteriosclerosis for instance its levels in the blood of more than 200 mg/dL, increase the risk of heart disease. It is also  found in foods 
from animal origin such as milk, meat, cheese, egg and seafood. With respect to dietary reference value for cholesterol intake, most 
of food safety authorities recommended maximum intake 300 mg per day for adults. Consequently, cholesterol is considered as a 
critical indicator of clinical biochemistry and introducing new techniques for determination of it in biological samples and food is 
important. In this review, Principles, methods and recent developments in electrochemical cholesterol sensors are reviewed. Special 
attention is given to the discussion on some problems and bottlenecks in areas of enzymatic cholesterol sensing and new advances in 
non-enzymatic sensors. 
Keywords: Cholesterol, Electrochemical method, enzymatic, non-enzymatic 
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1. Introduction 
Cholesterol is crucial biomarker for several diseases 
because it is a source of healthy dietary intake of fats. As 
an important lipid in humans, it is a main part of the cell 
membrane and helps to keep membrane permeability and 
fluidity [1]. It corresponds to the sterol group, there is two 
forms for cholesterol in the blood; 30% in free and 70% in 
esterified form [2].   
Lipoprotein carry cholesterol in the blood. A lipoprotein is 
a complex including of lipid (fat) and protein. There are 
two types of lipoprotein, which carry cholesterol to and 
from the body’s cell in the blood (Fig. 1): (I) LDL (low-
density lipoprotein) or “bad” cholesterol. It carries 
cholesterol from the liver to diff erent cells of body. LDL 
leads to deposition plaque in blood vessels. Its high serum 
level indicates higher risk of arterial diseases [4]. (II) HDL 
(high-density lipoprotein) or “good” cholesterol. Having a 
higher level of it can reduce the risk of heart disease and 
also stroke. It transfers the cholesterol away from the cells 
and back to the liver. In the liver it is either broken down 
or expelled from the body as waste [5]. Total cholesterol 
is the sum of fats in blood. Which include LDL, HDL and 
triglyceride.  
                                                 
* Corresponding Authors: Mandana Amiri, Email: mandanaamiri@uma.ac.ir, Tel: (+)984531505200, Fax: (+)984531504701 
Cholesterol is the precursor of different biological 
compounds such as vitamin D, hormones, and bile acid, 
etc. The cholesterol level in blood correlated to various 
diseases such as hypolipoproteinaemia, septicaemia, 
malnutrition hypertension, anaemia, brain thrombosis and 
arteriosclerosis [3-4]. For instance, cholesterol levels in 
the blood of more than 200 mg/dL, it will be at risk of heart 
disease. The molecules, which transport cholesterol, 
damage arteries and cause blockages. Moreover, literature 
has described that high cholesterol level is the reason of 
jaundice, nephrosis and diabetes [3].  
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It is also from nutritional point of view; cholesterol is 
found in foods from animal origin such as milk, meat, 
cheese, egg and seafood. In respect to dietary reference 
value for cholesterol intake, most of food safety authorities 
recommended maximum intake 300 mg per day for adults.   
It is also suggested that the deficiency of cholesterol is 
likely to cause depression, cancer and cerebral hemorrhage 
[5]. Consequently, cholesterol applies as a critical 
indicator of clinical biochemistry. Accordingly, selective, 
sensitive and accurate determination of cholesterol is of 
significant in disease diagnosis and prevention.  Therefore, 
detection of cholesterol has been carried out with various 
analytical techniques such as high performances liquid 
chromatography (HPLC) [6], colorimetry [7], fluorimetry 
[8], electrophoresis [9], electrochemistry [4] and  
electrochemiluminescence [10] in biological samples and 
food industry.  
Most of these sensing platforms has performed satisfying 
for cholesterol detection but some drawbacks still exists in 
the case of time consumption, low sensitivity and 
selectivity, sophisticated instrumentation standardization 
difficulties, requirement of sample pretreatment and 
experienced operators. In result, it is great importance to 
develop cost-effective, ease-to-use and sensitive 
cholesterol sensor. Electrochemical methods have great 
advantages such as high selectivity, easy sample 
preparation, simplicity, low-cost instrument, easiness and 
fast that cause to attract main interest for making new 
sensors of cholesterol with high performance. There are 
some recent reviews which emphasize for determination 
of cholesterol using chromatography and mass 
spectrometry [11], application of nano-materials [12]in 
determination of cholesterol and the one with describing 
the materials for making enzymatic electrochemical 
sensors [13]. This review focuses in the electrochemistry 
and principles of operation of electrochemical cholesterol 
sensors, discusses recent developments and current status, 
surveys major strategies for enhancing their performance, 
and outlines key challenges and opportunities in their 
further development and use with emphasize to reports 
after 2014 so far.  
2. Electrochemistry of cholesterol 
The progress of finding a rapid and reliable method for 
cholesterol determination in the human body and food is 
still a demand. This review has main attention on the 
electrochemical determination of cholesterol. Cholesterol 
structure is shown in Fig. 2.  
 
Fig. 2. Preferential sites for Cholesterol oxidation 
As in Fig. 2 was shown, there are some preferential sites 
for cholesterol oxidation in previous reports [14-17] but 
the cholesterol redox reactions are mainly unknown so far.  
Cholesterol oxidation on bare electrodes needs high 
overvoltage. However, the overvoltage can be reduced 
significantly at chemically modified electrodes (CMEs) 
which attracted great attention in electroanalysis because 
of their ability to decrease overvoltage and increase 
electrochemical responses. Wide range of materials such 
as carbon and metal nanomaterials [18-19], metal 
complexes [20], polymers [21-22], porous materials [23] 
and biomaterials [24] have been applied for CMEs so far. 
Introducing new sensors based on various materials 
attracted wide interest [25-26]. There are many reports on 
fabricating cholesterol sensors in literature which are 
based on direct and indirect determination of cholesterol.  
However, there are two main strategies to investigate 
oxidation of cholesterol: enzyme-based and non-enzymatic 
CMEs. The most of cholesterol determination methods are 
based on cholesterol oxidase (ChOx) immobilized on an 
electrode surface. The enzymatic determination of 
cholesterol happens based on the ChOx reaction, which is 
selective oxidation of cholesterol to cholest-4-en-3-one 
and hydrogen peroxide (See Fig. 3).  
 
 
Fig. 3. Oxidation of cholesterol based on ChOx 
 
So, determination of cholesterol can be performed with 
following amperometric response, which can either be 
measured as a decrease in the dioxygen electroreduction 
current or, more frequently, from the hydrogen peroxide 
reduction or oxidation current.  
Moreover, hydrogen peroxide can be follow by the 
qualitative reaction with homovanilic acid, catalyzed by 
horseradish peroxidase, or by the reaction with 4-
aminoantipyrine in the presence of phenol, also catalyzed 
by horseradish peroxidase (Trinder’s reaction) [27]. It 
should be mentioned that cholesterol is frequently in 
esterified form in blood. If the total cholesterol is required, 
the cholesterol esters must be hydrolyzed using ChEt 
before analysis [28].   As it is shown in Fig. 4., Dey and et. 
al reported a biosensor for total cholesterol using the 
enzymes ChOx and ChEt. The enzyme ChEt hydrolyzes 
the cholesterol ester to cholesterol and ChOx catalyzes the 
oxidation of cholesterol. The Pt nanoparticles on the 
surface of graphite nanosheets can sense the enzymatically 
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Fig. 4. The Biosensing of Cholesterol with the graphene nanosheets 
Pt nanoparticles 
 
A low stability of the enzymes and the effect of different 
factors (e.g., temperature and pH) on their performance is 
a limitation in practical works. Also, the immobilization 
procedure of enzymes on electrode surface is a critical part 
for stability and efficiency. Accordingly, the use of 
enzymes is limited by storage and analysis conditions and 
high cost. Because of mentioned limitations, Scientists try 
to develop new non-enzymatic cholesterol sensors.  
Non-enzymatic (indirect and direct) cholesterol detection 
are other approaches for electrochemical determination of 
cholesterol. Non-enzymatic electrochemical route of 
sensing shows benefits over enzymatic approaches. Some 
of these methods are based on the indirect electrochemical 
oxidation of cholesterol by using other compounds that 
describe in section 4 [30].  
There is a class of non-enzymatic sensors based on the 
direct electrochemical oxidation of cholesterol. The 
authors explained that the process happens on electrodes 
such as Pt [31], Ag [32], Au/Pt [33], and Cu2S [34]. In all 
of these references, apart from increasing current, there is 
no evidence that cholesterol is electrochemically oxidized. 
The suggestion that cholesterol is directly electrooxidized 
not well-known yet, since the oxidation occurs at relatively 
negative potentials (0 to +0.4 V vs SCE). Absolutely, the 
mechanism of the process requires to be established. 
There is a global attempt toward the development of 
analytical device that can be applied for the detection, 
quantification and monitoring of specific chemical 
species. The design of sophisticated sensing methods 
which are sensitive, selective, economic and easy to use 
are demanded to may be expected to contribute to clinical 
chemistry. In the following parts, enzymatic and non-
enzymatic electrochemical sensors will be discussed. 
3. Enzyme-based electrochemical sensor for cholesterol 
There are many reports in literature on immobilization of 
ChOx, ChEt and horseradish peroxidase to fabricate a 
cholesterol sensors, this approach is most common method 
for making cholesterol electrochemical biosensors. These 
enzymes are used to catalyze cholesterol oxidation through 
oxygen producing hydrogen peroxide and 4-cholesten-3-
one. Therefore, a direct or indirect electron transfer is 
caused due to a redox reaction between cholesterol and 
enzyme. Enzymes are immobilized on functionalized 
electrodes with different supports based on nanomaterials 
[35-44], polymers [45-49], hydrogels and sol-gels [2, 50-
51] self-assembly monolayers [52] and other matrixes. 
Different electrochemical methods are used to monitor 
electron transfer through which cholesterol can be 
measured, including amperometry [42, 51, 53-55], cyclic 
voltammetry  (CV) [56-59], differential pulse voltammetry 
(DPV) [60], linear sweep voltammetry (LSV) [61-62], 
charge transfer (CT) [63], electrochemiluminescence 
(ECL) [64] and electrochemical impedance spectroscopy 
(EIS) [65]. Among these methods, amperometry is the 
most common and sensitive method used in many studies 
[59].  
3.1  Amperometry 
Nanomaterials provide great opportunity to design 
effective sensors which have excellent performance due to 
the large surface area and special catalytic properties. 
Therefore, many studies have applied nanomaterials 
specially based on metal and metal oxides to design 
enzymatic cholesterol biosensors. Dong et al reported [66] 
Pd nanoparticles deposited on glassy carbon (GC) 
electrode and  then cholesterol was immobilized through a 
cross-linking material glutaraldehyde. Besides, in order to 
increase thermal stability, poly(o-phenylenediamine) was 
electrodeposited at the functionalized electrode. The 
polymer film could prevent interfering from ascorbic acid 
as well as  uric acid. Response of biosensor obtained by 
amperometric method. Nantaphol et al [67] have used 
silver nanoparticles to modify boron-doped diamond 
electrode. Silver nanoparticles with large surface area, 
amazing catalytic activity and great conductivity facilitate 
H2O2 reduction on boron-doped diamond electrode. Paper-
based analytical device (PAD) coupled with 
functionalized electrode, was constructed and divided into 
two parts hydrophilic and hydrophobic by the printed wax. 
Coupling PAD with functionalized boron-doped diamond 
electrode increases electrochemical activity of PAD. In 
order to determine cholesterol, ChOx was dried on 
hydrophobic area. Silver nanoparticles also were used as a 
modifier in a study which was performed by the same 
research group [68]. Catalytic activity of silver 
nanoparticles increased the performance of GC electrode 
dramatically. In this study, ChOx was added to electrolyte 
for determination of cholesterol. Lin et al [69] have 
fabricated a modified GC electrode with gold 
nanoparticles (AuNPs) and molybdenum disulfide 
(MoS2), as an amperometric biosensor for cholesterol 
determination. Modification of GC electrode with AuNPs 
and MoS2 increases surface area, which rises the 
performance of electrode profoundly. After 
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evaporation method, nafion was used as a protective layer. 
This modified electrode was successfully used for 
cholesterol determination in egg yolk and pork liver 
samples.  Nandidni et al [70] have used gold nanostructure 
in order to construct a sensitive amperometric cholesterol 
biosensor. Besides, graphite (Gr) electrode was 
functionalized with thiol through which cholesterol can be 
absorbed chemically on the electrode surface. This method 
prepared an effective biosensor with detection limit of 0.2 
× 10-9 which was used for cholesterol determination in 
serum samples.  
Metal oxides are also applied frequently in order to modify 
amperometric cholesterol biosensors. Among metal 
oxides, ZnO has attracted more attention because it is 
none-toxic, inexpensive and stable chemically. Moreover, 
ZnO has high isoelectric point making ZnO as a promising 
support for immobilization of different enzymes with low 
isoelectric point [71-73]. Tripathy et al [74] have used ZnO 
hollow nanospheres (ZHNSs) to fabricate a rapid response 
biosensor. ZHNSs provide suitable, great environment for 
ChOx immobilization and moreover, they facilitate 
electron transfer between the electrode and ChOx. The 
modified electrode was used for cholesterol determination 
in human serum samples successfully. 
Giri et al [75] have prepared an enzymatic cholesterol 
biosensor which was functionalized with  ZnO@ZnS 
heterostructure through an electrostatic interaction. It 
showed exceptional performance for amperometric 
sensing of cholesterol.  ZnO@ZnS heterostructure was 
synthesized through chemical sulphidation of ZnO 
microtubes which is illustrated in Fig. 5. In order to 
fabricate the modified electrode, ZnO@ZnS microtubes 
were dispersed in an aqueous solution containing chitosan, 
which was coated on GC electrode. Then, immobilization 
of ChOx was performed on the modified electrode by 
electrostatic interaction between ZnO@ZnS microtubes 
and the enzyme (Fig. 5). Cholesterol detection was tested 
in [Fe(CN)6]3-/4- solution and it is proposed that Fe2+/Fe3+ 
redox acts as an electron mediator to transfer electron 
produced by cholesterol oxidation, to the electrode 
surface. Kaur et al [76] have constructed a microfluidic 
electrochemical biosensor by deposition of NiO thin film 
on glass as a working electrode. NiO films are great matrix 
for ChOx immobilization due to electrostatic interactions 
between NiO and ChOx. According to 
choronoamperometric results (Fig. 6) the oxidation current 
increased linearity with the rise of cholesterol 
concentration. Furthermore, the effect of different 
interferences including glucose, uric acid, lactic acid and 
ascorbic acid was investigated and the maximum 
interference was about 4% for glucose. This biosensor was 






Fig. 5 Schematic of ZnO@ZnS microtubes preparation and 
proposed mechanism for cholesterol detection 
 
Polymers are also popular matrixes in cholesterol 
biosensors because they are suitable platforms for 
immobilization of biomolecules and have promising 
electrochemical characteristics. Therefore, they have 
widely used in a large number of studies for the 
preparation of biosensors. For example Dervisevic et al 
[77] fabricated amperometric biosensors by 
electropolymerization of thiophene-3-boronic (PTBA) and 
3-aminophenyle boronic acid (PABA). Then, flavin 
adenine dinucleotide sodium salt (FAD) was bound to 
modified electrodes. Enzyme was reconstituted on the 
modified electrodes PABA/FAD and PTBA/FAD. 
Between these two electrodes, the performance of 
PTBA/FAD/CHOx was better than PABA/FAD/CHOx. 
The reason is related to better cooperation between the 
modified electrode and ChOx which increased the 
catalytic activity of electrode and caused better electron 
diffusion. The interference of glucose, lactic acid, ascorbic 
acid, urea and uric acid in cholesterol determination was 
also investigated. They caused no remarkable effect on the 
response which showed high selectivity of the modified 
electrodes toward cholesterol. 
 
 
Fig.   6. a) Chronoamperometric curves for the modified 
electrode in different concentrations of cholesterol b) Calibration 
curve obtained from chronoamperometric curves, (reprint with 
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Soylemez et al [78] have designed an amperometric 
cholesterol biosensor functionalized with conducting 
polymer. Monomer (Z)-4-(4-(9H-carbazol-9-yl) 
benzylidene)-2-(4-nitrophenyl) oxazol-5(4H)-one was 
polymerized electrochemically on the graphite electrode 
which offered an effective platform for immobilization of 
ChOx. ChOx was immobilized on the surface electrode 
through hydrogen-bonding of nitro groups in the polymer. 
The effective interaction of enzyme with the polymer 
showed long-life detection amperometric biosensor.  
Ounnunkada et al have reported nanocomposites of 
platinum/reduced grapheme oxide/poly(3-aminobenzoic 
acid) in order to functionalize screen-printed carbon 
electrodes producing a sensitive enzymatic biosensor. 
Nanocomposites were immobilized at the electrode 
surface by electrodeposition and gave great catalytic 
characteristics to the sensor. Moreover, this platform 
offered a suitable matrix for the enzyme attachment.  
In a study done by Sang Kim et al [79] through chemical 
polymerization method, a cylindrical spongy-shape of  
polypyrrole was doped in C3N4H+ nanosheets which made 
a positive charged platform with high surface area. This 
platform could immobilize of ChOx effectively due to 
strong electrostatic interactions between enzyme and 
C3N4H+ nanosheets.  
Chailapakul et al have introduced a composite of graphene 
(Gr), polyvinylpyrrolidone and polyaniline (PANI) to 
prepare a modified screen-printed carbon electrode a 
biosensor for amperometric detection of cholesterol by an 
electrospraying system. ChOx was immobilized on the 
modified electrode through physical adsorption. The 
platform not only was a convenient matrix for enzyme 
immobilization but also its large surface area and great 
conductivity improved sensitivity of the electrode 
considerably. Among a huge variety of conducting 
polymers, PANI has received scientist’s attention due to 
its amazing characteristics, stability and low toxicity. 
However, in many studies for biosensor preparation, PANI 
is used with different nanomaterials which have large 
surface area and electrocatalytic activity to give promising 
properties to biosensors. Yu et al [50] have used PANI 
hydrogels as well as Pt nanoparticles to modify GC 
electrodes. This platform prepared a good matrix for 
immobilization of different enzymes due to excellent 
permeability of conducting polymer hydrogels (PANI) to 
biomolecules. Moreover, Pt nanoparticles increase the 
surface area and high catalytic activity of the biosensor 
toward H2O2 reduction. In order to link enzymes including 
ChEt/ChOx, uricase, lipase/glycerol kinase/glycerol-3-
phosphate oxidase in the matrix, glutaraldehyde was used 
as a cross linking material then the performance of 
biosensors was investigated by electrochemical methods. 
Jiang et al [80] have developed a biosensor based on 
microneedle electrode array functionalized by Pt 
nanoparticles (NPs) and PANI. Enzyme was immobilized 
by glutaraldehyde. Different enzymes including glucose 
oxidase, uricase and ChOx were immobilized on the 
electrode so the biosensor was used for determination of 
glucose, uric acid and cholesterol at the same time through 
amperometric method  
Yildiz et al [81] reported the deposition of 4-(4H-dithienol 
[3,2-b:2’,3’-d] pyrrole-4) aniline P(DTP(aryl)aniline) 
polymer at GC electrode as a great matrix for enzyme 
immobilization (Fig.  7).   
 
 
Fig.  7. Fabrication of cholesterol biosensor functionalized with 
conducting polymer (reprint with permission from ref. [81]) 
 
It was shown that Prussian blue (PB) is also popular in the 
preparation of cholesterol biosensor owing to its 
advantages such as peroxidase-like activity so it is widely 
used with other matrixes like polymers for cholesterol 
biosensor construction to bring about brilliant biosensor 
performances. For example, PANI/nano-hematite (a-
Fe2O3)/PB composites were used by Manan et al [82] to 
fabricate enzymatic paper-based sensor for detection of 
cholesterol. Cholestrol biosensor showed a great catalytic 
activity which was due to catalytic activity of PB toward 
the reduction of H2O2 and excellent electron transfer rate 
on PANI.    
In some studies, PB has been used with nanostructured 
materials such as carbon nanotubes to increase catalytic 
activity of enzymatic biosensors. For example; Salazar et 
al [83] have developed nanostructured-screen printed-
electrodes through using polydopamine, Prussian blue and 
MWCNTs giving promising properties to biosensor. In 
this study ChOx was immobilized at the surface electrode 
through electrodeposited polydopamine. For this purpose, 
polymer electrodeposited at the electrode surface in the 
presence of ChOx which was not fully reported before.  
3.2  Voltammetry 
In addition to amperometric technique, a number of studies 
including enzymatic cholesterol sensors, were carried out 
based on voltammetric methods including CV, DPV and 
LSV. 
 
3.2.1 Cyclic Voltammetry 
Cyclic voltammetry is a common voltammetric method 
that has been used in sensors for bimolecular detection. For 
instance; Sharma et al [84] have reported the synthesis of 
a bio-functionalized cholesterol sensor which was based 
on voltammetric methods. For this purpose, mesoporous 
aligned (TiO2−nanofibers) was used for functionalization 
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this platform, aligned (TiO2−nanofibers) was 
functionalized through oxygen plasma treatment 
producing COOH, CHO, OH groups on the matrix which 
resulted in high, stable loading of ChOx and cholesterol 
esterase (ChEt).  
Wu et al [85] have reported for the first time a cholesterol 
biosensor based on a novel organic-inorganic hybrid 
material (spherical lipid bilayer vesicles with an internal 
aqueous compartment, which are similar to liposomes 
formed from phospholipids, with an inorganic silicate 
framework covering the vesicular surface) a cerasomes 
(ChOx)/cerasome/GC electrode. The matrix provided a 
favorite surface for ChOx attachment.  
In another report, a hybrid of silica nanoparticles and Gr 
oxide (pRGOSHs) was reported  by Abraham et al [86]. 
Indium tin Oxide (ITO) electrode was modified by the 
composite (pRGOSHs) which caused a promising 
electrochemical cholesterol biosensor because Gr oxide as 
well as SiO2 particles gave unique conductivity and 
catalytic activity to the biosensor. Antuch et al [87] have 
synthesized Co2.05Mn0.95[Fe(CN)6]2.12H2O composite in 
order to fabricate an efficient cholesterol biosensor. Due to 
specific electrocatalytic activity of Prussian blue 
analogues, this biosensor showed excellent catalytic 
activity toward cholesterol detection which was 
investigated by cyclic voltammetry.  
 
 
Fig.  8. The schematic of a) ChE/ChOx/CHIT-CdS/ITO 
preparation and b) the effect of S2- concentration on the current 
recorded by cyclic voltammetry (reprint with permission from 
ref.  [88]). 
 
A voltammetric biosensor was prepared by Dhyani et al  
[88], which was based on chitosan a natural biopolymer. 
Chitosan has great affinity toward biomolecules, due to 
having some functional groups (-NH2 and –OH) so it is 
great matrix for the attachment of ChOx and ChEt. In this 
report, firstly chitosan was embedded by cadmium sulfide 
quantum dots, then ITO was modified with the resulted 
composite (CHIT-CdS/ITO). ChOx and ChEt were 
immobilized on CHIT-CdS/ITO electrode successfully. 
CdS played a key role in increasing electron transport from 
enzymes to the electrode surface which was supported by 
increasing current in high concentration of S2-. Fig.  8a, 
illustrates ChEt/ChOx/CHIT-CdS/ITO electrode 
construction and the effect of S2- concentration on the peak 
current Fig.  8b. Cholesterol was successfully detected by 
ChE/ChOx/CHIT-CdS/ITO electrode with detection limit 
of 0.47 × 10-3 M. (Fig.  9 a, b).  
 
 
Fig. 9. a) CVs recorded for ChE/ChOx/CHIT-CdS/ITO electrode 
in various concentration of cholesterol,  b) Calibration curve 
(reprint with permission from ref.  [88]). 
3.2.2 Differential pulse voltammetry 
A variety of enzymatic cholesterol biosensors were also 
carried through DPV technique. For example; In a study 
was performed by Zhu et al [60], a GC electrode modified 
with AuNPs-MWCNTs carbon nanotubes MWCNTs 
composites was reported and cholesterol detection was 
investigated by DPV method. The matrix was a suitable 
platform for ChOx attachment because ChOx could 
interact with carboxylic groups on MWCNTs and 
moreover the interaction of S with Au nanoparticles S-Au 
was of great help for effective immobilization. After 
immobilization of ChOx on the surface of modified 
electrode, the electrode was modified with nafion that 
increased the stability of the biosensor.  
Rahman et al [89] have conducted a modified GC 
electrode with poly(thionine). Having immobilized ChOx 
as well as horseradish peroxidase, in order to increase 
electron transfer at the electrode surface, redox mediator 
hydroquinone was used. DPV technique was also applied 
by Song et al for cholesterol sensing. In this study 
cholesterol GC electrode was functionalized with a Gr 
nanocomposite, modified by poly(sodium-p-
styrenesulfonate) and polymeric ionic liquids. ChOx was 
immobilized onto the matrix through electrostatic 
interaction. This platform was synthesized through self-
assembly mechanism preparing water soluble Gr and 
moreover, it was suitable for ChOx attachment.  
 
3.2.3 Linear Sweep Voltammetry  
LSV is also a successful electrochemical technique, which 
was used in cholesterol sensing. For example; Huang et al 
[90] have fabricated an enzymatic screen printed 
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immobilized with ChOx and ChEt. Cholesterol detection 
was carried on in AgNO3 solution. Cholesterol was 
oxidized by enzymes to produce H2O2, then hydrogen 
peroxide reduced Ag ions in the solution through which 
Ag was deposited on the electrode surface and 
electrochemical response was recorded. Au nanoparticles 
increased the conductivity of the biosensor thereby 
facilitating electron transfer on the surface electrode. The 
applied electrode displayed a wide range of 5-5000 μg/mL 
(Fig.  6).  
 
 
Fig.  10. A) LSVs of the modified screen printed electrode in 
different cholesterol concentration B) Ip versus cholesterol 
concentration (reprint with permission from ref.  [90]). 
In another study, Huang et al [61] reported Gr oxide and 
gold nanoparticles again for the fabrication of screen 
printed electrode with LSV technique for cholesterol 
detection. In this study ChOx and ChEt were immobilized 
on the surface of electrode. Linear range of 0.01 μg/mL to 
5000 μg/mL and detection limit of 0.001 μg/mL were 
obtained.  
3.3 Charge changes 
There are a few studies that used charge changes during 
cholesterol oxidation for cholesterol detection. Xu et al 
[63] have used this method to determine cholesterol in 
cellular plasma membrane. For this purpose, they prepared 
microelectrodes filled with Triton X-100 and ChOx to 
determine plasma membrane cholesterol. Fig.  11 
illustrates a schematic of constructed microelectrodes.  
For cholesterol detection, the charge of Triton X-
100/ChOx was collected before and after addition of 
cholesterol. With addition of more cholesterol, charge 
changed considerably. Charges were recorded and their 
changes versus time was linear. Moreover, there was a 
linear relationship between charge increase and 
cholesterol concentration.  
 
 
Fig.  11. A set up for fabricated microelectrodes 
 
3.4 Electrochemiluminescence 
Electrochemiluminescence is a powerful technique with 
outstanding advantageous such as quick response, high 
sensitivity due to combining benefits of electrochemical 
and chemiluminescent techniques. According to studies, 
enzymatic cholesterol biosensors based on this technique, 
represent the lowest detection limit for cholesterol 
determination. In order to fabricate 
electrochemiluminescent biosensors different ECL agents 
have been used including luminol species, quantum dots, 
peroxydisulfate and Ru complexes. Among these agents, 
luminol species have been widely used for enzymatic 
cholesterol biosensors to monitor cholesterol[91-92].  
The proposed mechanism for luminol species is [93]: 
 
Cholesterol + O2              Cholestenone + H2O2 
LH2          LH
- - e-          L-• + H+ 
 L-* + H2O2          AP
2 - • + H2O 
AP2- •           AP2_ + hv (425 nm)  
 
 For example; Yang et al [94] have constructed a 
cholesterol biosensor using Ag nanoparticles 
(AgNPs)/(bovine serum albumin (BSA) as protective 
agent)/MnO2 nanosheets as well as luminol-H2O2 for 
determination of cholesterol in human serums. MnO2 and 
Ag had catalytic effect on producing reactive oxygen 
species from H2O2 reduction, which increased biosensor 
efficiency. Popular linker Glutaraldehyde was used to 
immobilized ChOx. Fig.  12 illustrates the schematic of 
AgNPs-BSA-MnO2 nanosheets synthesis and biosensor 
principle for cholesterol detection. 
 
 
Fig.  12. The schematic of AgNPs-BSA-MnO2 nanosheets 
synthesis and biosensor principle for cholesterol detection 
(reprint with permission from ref.  [94]). 
 
As represented in Fig.  13a and 13b with increasing 
cholesterol concentration, ECL intensity increased. It 
seems there is no important interferences in cholesterol 
determination in presence of different biological 
compounds (Fig. 13c). The stability of the modified 
electrode was investigated and as it is shown in Fig.  9d 
the biosensor could be used 8 times without considerable 
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Fig.  13. a) Recorded ECL for different cholesterol 
concentrations, b) ECL Intensity versus cholesterol 
concentration, c) The effect different interferences on cholesterol 
detection, d) Stability of the fabricated biosensor ((reprint with 
permission from ref. [94]).  
 
Gold nannoparticles (AuNPs) have been commonly used 
for the preparation of electrochemiluminescent cholesterol 
biosensors. g-C3N4 nanosheets were tried to be settled at 
AuNPs deposited ITO electrode in the microwells to 
decrease the visible limit for determination of cholesterol 
at the cells by Xu et al [95]. The ECL regent was luminol-
hydrogen peroxide. g-C3N4 showed a catalytic effect 
through ECL emission absorption stemmed from .OH 
radicals produced by H2O2. After modification of ITO with 
g-C3N4 and AuNPs, the modified electrode was 
immobilized with two enzymes ChEt and ChOx to 
produce H2O2 from cholesterol oxidation inducing ECL. 
LOD of constructed biosensor was 500× 10−9 M. Tang et 
al [96] have used Au nanoparticles/ion liquid/hollowed 
TiO2 nano-shells in order to prepare an effective 
cholesterol biosensor exhibiting low detection limit 6.3× 
10−9 M and wide dynamic range 8.33 × 10−9 M– 4.17 × 
10−7 M. An ECL biosensor was constructed by Li et al [93] 
through immobilization of core-shell gold nanoparticles/5-
amino-2-mercapto-1,3,4-thiadiazole on GC electrode. 
Core-shell AuNPs were electrodeposited at the surface 
electrode. Glutaraldehyde was bonded to the modified 
surface electrode though–NH2 groups at the surface then 
cholesterol was attached to the modified electrode.  
Combination of the modified electrode and luminol–H2O2 
system caused a unique, sensitive biosensor resulting in 
detection limit of 0.02 μg/ml. The biosensor was used for 
detection of cholesterol in dairy products successfully. Ou 
et al [97] have used the composite of MoS2/PANI and Ag 
nanocubes as a great matrix for ChOx immobilization. 
There was a linear relation between ECL intensity and 
cholesterol concentration in range of 3.3 ×10-9 M–0.45 
×10-3 M. The biosensor chould be used for 11 times 
without considerable decline in its sensitivity.  
In addition to luminol species, quantum dots are also used 
in some studies as ECL agent. For example; Huan et al [98] 
have constructed ECL cholesterol biosensor using CdTe 
quantum dots which was attached on MWCNTs carbon 
nanotubes@reducedGr composite. After immobilization 
of ChOx, the modified electrode was applied for detection 
of cholesterol in commercial milk and human serum 
samples. Before adding cholesterol, the modified electrode 
showed low ECL intensity and after cholesterol addition, 
the intensity increased significantly. ChOx catalyzed 
cholesterol thereby producing H2O2 which is an ECL 
signal amplifier. The proposed ECL mechanism for 
catalytic reaction is;  
 
CdTe QD + e-            CdTe QD-• 
CdTe QD-• + H2O2          CdTe QD• + OH- 
CdTe QD•          CdTe QD + hν  
 
3.5 Electrochemical impedance spectroscopy 
In addition to other techniques for determination of 
cholesterol, impedimetry can be also used for this purpose 
which is considered as a sensitive, nondestructive 
technique. Only a few research groups have reported 
Impedimetric method for cholesterol detection. This 
technique is based on interfacial conductivity changes of 
total cholesterol through reactions controlled by enzymes. 
In fact, surface condition changes through enzymatic 
reactions which can cause impedance changes whereby 
total cholesterol can be detected.  In the study was done by 
Singh et al [99], ITO electrode was modified with Pt 
nanoparticles and polylypyrrole layers then it was 
immobilized with ChEt as well as ChOx to prepare  
impedimetric cholesterol biosensor. Impedimetric 
response for the prepared biosensor in different cholesterol 
concentrations can be seen in Fig.  14 which represents a 
linear relation between charge transfer resistance and 
cholesterol concentration in range of 2.5×10−4 M - 
6.5×10−3 M.  
 
 
Fig. 14. A) Impedimetric response for 
ChOx/ChEt/PtNP/PPY/ITO in different cholesterol 
concentrations B) Calibration curve (Rct versus Log (Cholesterol 
concentration)). (reprint with permission from ref.  [99]) 
 
For more information Table 1 summarizes other studies 
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4. Non-enzymatic electrochemical sensor for 
cholesterol 
 
Non-enzymatic sensors have widely attracted scientists 
attention due to some draw backs of enzymatic biosensors. 
A low stability of the enzymes and the effect of different 
factors (e.g., temperature and pH) on their performance are 
limitations in practical works. Also, the immobilization 
procedure of enzymes on electrode surface is a critical part 
for stability and efficiency. Accordingly, the use of 
enzymes is limited by storage and analysis conditions and 
high cost. Because of mentioned limitations, Scientists try 
to develop new non-enzymatic cholesterol sensors [100]. 
Since cholesterol is not an electroactive molecule on the 
bare routine electrodes, cholesterol detection through 
electrochemical methods is mostly based on catalytic 
properties of platforms (direct or indirect cholesterol 
oxidation) [101], chemical and physical interactions 
between matrix and cholesterol [102] and also indicator 
displacement assay [103]. Moreover, the most common 
electrochemical methods used for cholesterol 
determination through non-enzymatic modified electrodes 
are amperometry and voltammetric methods including 
CV, DPV and LSV. Different matrixes are used in 
electrolyte or electrode surface in order to detect 
cholesterol which are discussed in the following 
paragraphs.  
 
4.1 Cholesterol detection based on indicator 
displacement assay (IDA) 
 
Since supra-molecular chemistry development, IDA has 
received a great deal of interest in a variety of applications 
considerably like molecular sensing which relies on a 
competition between an electroactive molecule (indicator) 
and a substrate (analyte) which is not active on the 
electrode surface. When analyte is introduced to the 
solution containing supra-molecular complexes which 
have electroactive molecules, a displacement happens 
between analyte and indicator, which causes changes in 
electrochemical response monitored by different 
electrochemical methods. Calixarenes, cyclodextrins and 
crown ethers are main receptors because of forming a 
stable host-guest complexes with different indicators. 
Methylene blue (MB) and ferrocene are used widely as an 
indicator in these supermolecules. One of non-enzymatic 
sensors based on IDA is reported by Yang et al [100]. In 
this study β-cyclodextrin (β-CD) as a molecular receptor 
and MB as a signal probe were immobilized on the surface 
of electrode. For this purpose, GC electrode was modified 
with Gr (Gra/GCE) which facilitates electron transfer on 
the surface electrode then poly(N-acetylaniline) 
(PNAANI) and β-cyclodextrin were electrodeposited on 
(Gra/GCE) electrode.  Before electrochemical 
measurements, the modified electrodes were immersed in 
a solution containing MB. Fig.  15 shows the procedure of 
modified electrode preparation and the strategy used for 
cholesterol detection. As represented, MB can go into 
inner cavity of β-cyclodextrin to produce a remarkable 
oxidation current investigated by DPV. However, after 
immersing the modified electrode into the solution 
containing cholesterol, MB was replaced with cholesterol 
and anodic current decreased considerably. A linear 
electrochemical response was observed during increasing 
cholesterol concentration. Detection limit for cholesterol 
measurement was 0.5×10-6 M. The sensor was used 
successfully for detection of cholesterol in human serums.  
 β-cyclodextrin (β-CD) and MB can also be used as a 
hemogene biosensor. β-CD and MB are taken into 
electrochemical cell then the signal is recorded by three 
electrodes system. For example,  Agnihotri et al [104] have 
used this system for cholesterol determination. 
Ganganboina et al [105] constructed a biosensor with a 
very low detection limit (80 ×10-9) through using nitrogen-
doped Gr quantum dots modified with β-CD in 
electrochemical cell.  
Yang et al [103] constructed a non-enzyme sensor through 
functionalization of GC electrode with Gr and 
calix[6]arene and using MB as an indicator.  
 
 
Fig.  15. the proposed strategy for cholesterol detection through 
competitive host-guest recognition (reprint with permission 
from ref. [100]) 
 
4.2 Cholesterol detection based on mediators 
Due to fabrication of non-enzymatic cholesterol sensors, a 
number of platforms having catalytic effects toward 
cholesterol oxidation, are used. The indirect 
electrochemical method was with redox agents as electron 
mediator. In this methods, cholesterol forms adducts with 
the oxidized redox agents and then reacts, affording the 
products (P). The reduced forms of redox agents also 
produced in these processes are electrochemically 
regenerated. The indirect electrochemical reaction can be 
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Mred → Mox + ne−, 
Mox + Chol → Mox·Chol, 
Mox·Chol → Mred + P 
where Mred and Mox are the redox agents in the reduced and 
oxidized states, respectively. 
For example, Ji et al [34] have constructed a cholesterol 
sensor based on copper nanoplates. In this study 
nonoplates of copper (I) sulfide were deposited on copper 
rode. The synthesized structure showed a catalytic effect 
toward the oxidation of cholesterol which was monitored 
by amperometry and CV. Moreover, outstanding stability 
was observed for the biosensor in a way that after 30 days 
storing in room temperature,  92% of original response for 
0.5 ×10−3 M cholesterol was achieved. For the first time in 
2018, Bairagi et al [101] used poly methyl orange (PMO) 
as an electrode modifier for cholesterol detection. Methyl 
orange is an electro-conductive molecule which has been 
used as a redox indicator in many studies. Bairagi et al 
dispersed PMO and Cu/Ni bimetal on carbon nanofibers 
and activated carbon fibers to prepare a sensitive non-
enzymatic sensor (PMO-BMCP). PMO-BMCP showed a 
great catalytic activity for oxidation of cholesterol. In fact, 
the observed redox peak, was relevant to cholesterol 
oxidation through which the amount of cholesterol was 
detected in range of 0.04–600 mg dL−1. Therefore, the 
amount of cholesterol in clinical samples was measured by 
DPV successfully. Recently Akshaya et al [106]used Ru-
Pi Nanoclusters Coated on Polypyrrole to 
determine cholesterol. Ru-Pi nanoclusters dispersed in 
Polypyrrole, facilitate cholesterol electrochemical 
oxidation with a negative potential shift whereby in 
cholesterol -OH group is oxidized to –C=O group. The 
fabricated electrode could determine cholesterol in range 
of 0.16 nM to 20.0 nM. Khaliq et al [107] developed a non-
enzymatic biosensor based on TiO2 nanotubes (TNTs) 
which is incorporated with Cu2O nanoparticles. For 
sensing applications, Cu2O is an effective catalyst and in 
this study Cu2O NPs/TNTs based hybrid nanostructure has 
been used for the first time for cholesterol sensing.  
 
 
Fig.  16. the schematic of non-enzymatic biosensor preparation 
and the proposed mechanism for cholesterol oxidation on the 
modified electrode (reprint with permission from ref. [30]). 
 
Rengaraj et al [30] have used the nanocomposite of nickel 
oxide (NiO) and Gr (NiO/Gr) on SiO2/Si substrate to oxide 
cholesterol indirectly which is illustrated in Fig.  16. 
Cholesterol was oxidized to cholestenone by NiOOH 
stemmed from NiO oxidation on the surface electrode. 
During cholesterol oxidation, NiOOH was reduced to NiO 
again causing a catalytic cycle. In order to detect 
cholesterol, redox reaction NiO/NiOOH was followed. 
The current changed with the addition of cholesterol 
linearity in the range of 2×10-6 to 40 ×10-6 M cholesterol. 
The functionalized electrode was used for determination 
of cholesterol in milk samples efficiently through 
amperometric method. 
4.3 Cholesterol detection based on interactions 
between matrix and cholesterol 
Due to interaction between matrix and cholesterol, 
changes can be seen in the electrochemical responses 
whereby cholesterol can be determined. In fact, the 
cholesterol interaction with the platform, changes surface 
properties and it causes surface electrochemical changes.  
Nanoclay has excellent properties such as, long-term 
stability, large surface area, good penetrability toward 
biomaterial so it has successfully been used for 
bimolecular sensing. For example,  Joshi1 et al [102] has 
modified ITO electrode with Laponite-Montmorillonite 
(L-MMT) thereby preparing a non-enzymatic sensor L-
MMT/ITO. Cyclic voltammetry was conducted for the 
fabricated electrode in ferric/ferrous solution. The peak 
current increases in presence of cholesterol which is 
representative of interaction between cholesterol and L-
MMT. Cholesterol adsorption on L-MMT facilitated 
electron transfer from electrolyte to electrode, which 
causes a growth in peak current.  
Molecular imprinted electrodes have been used effectively 
for biomolecules detection.  Their fabrication relies on the 
self-assembly of biomolecules on the surface electrode 
though physical or chemical interactions. For instance, Ji 
et al [108] have modified GC electrode with AuNPs, 
MWCNTs, which was assembled with  p-
Aminothiophenol as well as cholesterol. As represented in 
Fig.  17, AuNPs/ MWCNTs/GC was immersed in a 
solution containing p-ATP.  
 
 
Fig.  17. The schematic of molecular imprinted electrode 
preparation (reprint with permission from ref.[108]) 
 
As a result, p-ATP was attached on the modified electrode 
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was immobilized with cholesterol by immersing in 
cholesterol solution. The modified electrode was coated 
with Au through electrodeposition of AuCl4. In the next 
step cholesterol was removed from the modified electrode 
surface producing imprinted electrode. DPV signals for 
Fe(CN)63-/4- was followed with increasing cholesterol 
concentration (Fig.  18). With introducing cholesterol, it 
could rebound at the surface of modified electrode causing 
a compact film on the surface. Therefore it hampered 
electron transfer between electrode and the solution which 
resulted in a decrease on the current peak. Moreover, DPV 
was conducted for the modified electrode with and without 
MWCNTs in order to investigate the effect of MWCNTs 
on the conductivity of surface electrode. As it can be seen 
in Fig.  17, the modified electrode containing MWCNTs 
showed high sensitivity toward cholesterol detection. It 
represents this fact that MWCNTs played an important 
role in  cholesterol determination.  
The other study based on imprinted electrodes for 
cholesterol recognition was done by Tong et al [109]. For 
this purpose, MWCNT @molecularly imprinted polymer 
incorporated in ceramic carbon electrode.  
 
 
Fig.  18. DPV of the modified electrode with and without 
MWCNTs with increasing cholesterol concentration in solution 
containing Fe(CN)6
3-/4- (reprint with permission from ref.[108]). 
 
For more information table 2 summarizes some studies 





Based on importance of cholesterol in health, finding a 
selective, sensitive, rapid and easy method for 
determination of it in human body such as blood and serum 
and various source of cholesterol such as foods seems 
necessary. Most of cholesterol sensors, which were 
presented are enzymatic sensors but a low stability of the 
enzymes and the effect of different factors (e.g., 
temperature and pH) on their performance is a limitation 
in practical works. Also, the immobilization procedure of 
enzymes on electrode surface is a critical part for stability 
and efficiency. Accordingly, the use of enzymes is limited 
by storage and analysis conditions and high cost. Because 
of mentioned limitations, scientists try to develop new 
non-enzymatic cholesterol sensors. Indeed, the main 
challenge in non-enzymatic sensors is selectivity. So, It 
can expected that most of future works will focus on 
fabrication of new selective and fast response cholesterol 
non-enzymatic sensors using introducing new chemically 
modified electrode. In this paper, we tried to review all 
new electrochemical sensors, which reported in literature 
during previous 5 years and describe the drawbacks, 
benefits and future perspective of cholesterol sensors. 
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Table 2. A summary of repoted studies in litrature for non-
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Amperometry ITO GO/AuNPs/ChOx 13 mg/dl 25 – 500 mgdl-1 - -  [117] 
Amperometry GC ChOx/Cat/(GR–IL) 0.05 × 10-6 0.25 – 215×10-6 
human serum 6 
[118] 
Amperometry GC ZnO@ZnS/ChOx 0.02 × 10−3 0.4 – 3.0× 10−3 - 5 [75] 
Amperometry GC PAni/PtNP/Enzyme 0.3 × 10-3 0.3 – 9× 10-3 - 3 [50] 











0.22 × 10−6 
0.32 × 10−6 
0.8 − 4.8 × 10−6 
0.8 − 5.6 × 10−6 
human  urine 2 
[77] 
Amperometry GC ChOx-CSPPy-g-C3N4H+ 8.0 × 10-6 0.02 – 5.0 × 10-3 human serum 3 [79] 
Amperometry SPCE Pt/Reduced GO/P3ABA 40.5 × 10-6 0.25 – 4.00 × 10-3 human serum - [119] 
Amperometry GC pd particles/ChOx 5 × 10-6 0.05 – 4.50 × 10-3 - 20 [66] 
Amperometry GC P(DTP(aryl)aniline)/ChOx 0.174 × 10-6 2.0 – 27.6 × 10-6 serum samples 2 [81] 
Amperometry NiO/Glass NiO/ChOx 0.1 × 10-3 0.12 – 10.23 × 10-3 serum samples - [76] 
Amperometry graphite Conducting polymer(Poly(CBNP))/ ChOx 0.4063 × 10-6 2.5  – 27.5 × 10-6 human blood  - [78] 
Amperometry GC MoS2/AuNPs/ChOx 
0.26 ± 0.015 × 10-
6 
0.5 – 48 ×10-6 




Amperometry SPE ChOx/ PDA/ (PB) / MWCNTs 1.5 × 10-6 up to 0.4 × 10-3 - - [83] 
Amperometry GC Ag NPs 25.8 × 10-6 0.1 – 20 × 10-3 - - [68] 
Amperometry MEA PANI nanofibers/Pt NPs/ChOx 440 × 10-6 1 – 12 ×  10-3 - 4 [80] 
Amperometry graphit AuNs/SH-GO/ChOx 0.2 × 10-9 0.05 – 11.45 ×10-3 - 4 [70] 
Amperometry carbon PANI/hematite/PB/ChOx 0.52 × 10-3 0.6 – 6.0 × 10-3 - 90 [82] 
Amperometry SPE Gr/PVP/PANI/ChOx 1 × 10-6 0.05 – 10 × 10-3 
lyophilized 
human serum  
- 
[120] 
Amperometry ITO PANI/Au/Chitosan/ChOx 37.89 mgdL-1 50 – 500 mgdL-1 - 20 [121] 
Amperometry ITO ChOx/AgNWs/ZnO/GO/CS 0.287 × 10-6 6.5 × 10-6 – 10 × 10-3 - - [122] 
Amperometry Au ChENPs/ChOxNPs  10 – 700 mg/dl human blood 5 [123] 
Amperometry Graphite SPEs PBNPs 0.02 × 10-3 0 – 15 × 10-3 - - [124] 
Amperometry carbon cloth ChOx/PB 1.4 × 10-6 0.15 – 4.1 × 10-3 plasma 10 [4] 
Amperometry ITO ChOx/Ag/GO/Chitosann 0.427 mgdL-1 up to 400 mgdL-1 - - [125] 
Amperometry GC PtPd–Chitosan–GS 0.75 × 10-6 2.2 – 5.2 × 10-6 food samples 7 [126] 
Amperometry Au Nafion/CHOx/ZnO NPs 0.37 ± 0.02 × 10-9 1.0– 500.0 × 10-9 - 5 [73] 
Amperometry Si/Ag ZNT/ChOx 0.5 × 10-9 1 × 10-6 – 13 × 10-3 human serum 2 [40] 
Amperometry ITO Gr/Ti(G)3DNS/Chitosan/ChOx 6 × 10-6 0.05 – 8.0 × 10-3 human blood 2 [127] 









DPV GC ChOx/PSS/PILs-GP/GC 3.5 × 10-6 10.5 × 10-6 – 10.4×10-3 
human serum - 
[130] 
DPV GC ChOx/AuNPs/MWCNTs 4.3 × 10-6 0.01 – 5 × 10-3 human serum  - [60] 
DPV GC ChOx/horseradish peroxidase/poly(thionine) 6.3 ×10-6 25 × 10-6 – 125 × 10-6 
human serum - 
[89] 
CV GC IL-ChOx/PB 4.4 × 10-6 0.01 – 0.40 × 10-3 human serum - [58] 
CV ITO CdS qdots/ chitosan/ ChEt/ChOx 0.47 × 10-3 0.64 – 12.9 × 10-3 - - [88] 
CV ITO ChOx/reduced GO/SiO2 particles 1.3 × 10-3 2.6 – 15.5 ×10-3 - - [86] 
CV GC CoMnHCF/Nafion/ChOx 30 × 10-6 50 – 150 × 10-6 - - [87] 
CV ITO ChEt-ChOx/electrospun TiO2−NF 19.3 mg/dl 25 − 400 mgdl1- - 20 [84] 
CV GC ChOx/cerasome 1.7×10−6 5.0 × 10−6 – 3.0 × 10−3 Human serum - [85] 
CV Au ChOx/TGA-SAM/ 0.49 × 10_9 1 × 10-9 – 1 × 10-3 - 10 [52] 
CV ITO ChOx/(ZnO–CuO),ChOx/ChEt/(ZnO–CuO) - 
0.12 × 10-3 – 12.93 × 10-3 
(free cholesterol) 
0.5 × 10-3 – 12 × 10-3 
(total cholesterol) 
Human serum 5 
[131] 
CV GC ZnO microtubes/ChOx 0.2 × 10-3 0.4 – 4.0 × 10-3 - - [132] 
Charge transfer Pt ChOx/Triton X-100  0.1 – 3 × 10-3 living cells 180 [63] 
ECL GC hemin-Gr/ChOx 1 × 10−9 3.3 – 1.500 × 10−9 human serum - [133] 
ECL GC AuNPs/L-cys–C60/ChOx 5.7 × 10-9 1.7 × 10−9 – 0.30 × 10−3 human serum - [10] 
ECL GC MWCNTs/GO/Thi/Au/ChOx 50 × 10−9 .15 – 828× 10−6 human serum - [134] 
ECL GC ChOx/L-cys-rGO 1.1 × 10−6 3.3 – 1000× 10−6 - - [64] 




ED2:Pt black/Nafion (ChOx,ChEx,HRP) 





LSV SPE Ag/GO/ChEt/ChOx/AuNPs 0.001 μgmL1- 0.01 – 5000 μgmL1- - - [61] 
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